Theory predicts that virulent parasites cannot be maintained at high prevalence if they are only vertically transmitted. However, parasites with high rates of vertical transmission that cause severe reduction in host fitness have been reported. Atkinsonella h pox lon is a fungal pathogen capable of both vertical and horizontal transmission that drastically reduces its host's fitness. In contrast with theoretical predictions, field and laboratory observations suggested that the primary mechanism of transmission was vertical. Using randomly amplified polymorphic DNA markers, we investigated the effective contribution of vertical and horizontal transmission to the genetic structure of three natural populations of A. h pox lon. We found high genotypic diversity and low linkage disequilibrium, indicating that most established genotypes are derived from horizontally transmitted, sexual spores. The low contribution of vertical transmission to the parasite's fitness despite its high potential might be due to lower establishment of cleistogamous seeds (through which vertical transmission occurs) or lower vigour of vertically transmitted fungal genotypes. Low establishment of vertically infected hosts might explain the persistence of virulent parasites with high apparent vertical transmission. Our results suggest that caution must be taken when using the potential for vertical transmission to make predictions about the evolution of parasite virulence.
INTRODUCTION
The evolution of parasite virulence is thought to depend on the mode of parasite transmission (Fine 1975 ; Ewald 1987) . According to Ewald (1987) , vertically transmitted parasites should evolve towards mutualism because the parasite's transmission depends on the host's reproductive success. Although there is empirical evidence that supports Ewald's prediction (Bull et al. 1991 ; Herre 1993) , parasites with strong negative effects on host fitness and high vertical transmission have also been reported (Hurst et al. 1994 ; Mangin et al. 1995) .
Parasites capable of both vertical and horizontal transmission (mixed-strategy parasites) are ideal systems to test theoretical predictions about the relationship between virulence and transmission. Lipsitch et al. (1995) suggest that high vertical transmission and high prevalence can occur in virulent parasites if they are also capable of some level of horizontal transmission. According to their model, horizontal transmission will occur at low frequencies when parasite prevalence is high, but it is crucial for the maintenance of the parasite over time (because the prevalence of a virulent parasite will necessarily decrease if only vertically transmitted). Mangin et al. (1995) suggested that virulent parasites with vertical transmission could be observed if the host-parasite association is recent and unstable, or if parasite virulence is only expressed after host reproduction. Hurst et al. (1994) have shown that cytoplasmic parasites causing sex ratio distortion can also spread in the host population despite their virulence.
Much of the debate about the relationship between transmission mode and parasite virulence is based on theoretical work. The scarcity of empirical evidence is due in part to the difficulty in estimating parasite transmission rates. Vertical transmission is commonly estimated by determining the proportion of offspring that carry the parasite, but this only estimates the potential contribution of vertical transmission to the parasite's fitness. The contribution of vertical transmission to a mixed-strategy parasite's fitness will only be equivalent to the potential transmission when all host offspring successfully become established in the population and remain infected. The importance of vertical transmission to the evolution of mixed-strategy parasites will depend on the number of new infected hosts that become established in the population through vertical transmission, i.e. the parasite's reproductive rate (or R, according to Anderson & May (1992) ). Discrepancies between potential for vertical transmission and R should be especially common in plant pathogens that are transmitted vertically through seeds, since many factors can interfere with the actual establishment of infected seeds (e.g. low germination rate, seedling mortality, seedling competition, and adverse environmental conditions). Therefore, a mixed-strategy parasite might be highly virulent despite a high potential for vertical transmission if horizontal transmission gives rise to most infected hosts in the population.
Atkinsonella h pox lon, a common systemic fungal pathogen of the grass Danthonia spicata, is an example of a virulent parasite with high potential for vertical transmission. Healthy D. spicata produce chasmogamous seeds in aerial inflorescences and cleistogamous seeds at the base of leaf sheaths. Infected plants can produce only cleistogamous seeds because a fungal fruiting body develops in place of the aerial inflorescence. Vertical transmission occurs by vegetative growth of the fungal hyphae into the host's cleistogamous seeds (Clay 1994) . Horizontal transmission occurs through outcrossed sexual spores produced on the fungal fruiting body (Diehl 1950 ; Clay 1994) . The fungus severely reduces host fitness when it castrates the aerial inflorescence where 50 to 75 % of the seeds are produced by a healthy plant (Clay 1982) . Vertical transmission was assumed to be the most important mode of transmission of A. h pox lon because a high percentage (70-90 %) of the host's cleistogamous seeds carry the infection (Clay 1994) and because conversion of healthy to infected plants is seldom observed in the field. Antonovics et al. (1987) observed no conversions of 216 healthy plants to infected over three years. K. C. (unpublished data) observed three conversions of 115 healthy plants to infected in a three-year study.
To better understand the coevolutionary dynamics between A. h pox lon and its host, it is necessary to evaluate the relative contribution of vertical and horizontal transmission to fungal fitness (R). We investigated the genetic structure of three natural populations using 11 randomly amplified polymorphic DNA (RAPD) markers. Since transmission mode and breeding system are coupled in A. h pox lon, the relative contribution of vertical and horizontal transmission to fungal fitness can be estimated by determining whether the fungal genotypes from natural populations are derived primarily from sexual or asexual reproduction. If vertically infected seeds are the primary source of infected plants, the genetic structure of established A. h pox lon populations should be highly clonal with low genotypic diversity and high linkage disequilibria. In contrast, we expect high genotypic diversity and low linkage disequilibrium if horizontal transmission causes the greater proportion of infected plants.
METHODS (a) Sample collection
Atkinsonella h pox lon fruiting bodies were collected from three populations within a 10 km radius around Bloomington, IN (USA) : TC Steele (TS), Friendship (FR) and Griffy (GR). Populations are located in small clearings within areas of secondary forest. At FR and TS one or two fruiting bodies per infected plant were collected in a 4i4 m# grid, with one plant sampled from each 0.5 m# subplot. In this study we used 32 isolates from TS and 46 isolates from FR. Isolates from 28 out of the 30 pairs of stromata from the same plant had the same multilocus haplotype, indicating that most plants are infected by a single fungus clone. Therefore, we used only one isolate per plant. Sample sizes varied because not all subplots contained an infected plant and not all isolates were successfully cultured in the laboratory. At GR, fruiting bodies from every infected plant in the population were collected. Isolates from 63 plants that occurred within an area of comparable size to the other populations grids were chosen for the analyses. These sample sizes correspond to approximately 25-50 % of each population.
FR and TS isolates were cultured in the laboratory and DNA was extracted following Van Horn & Clay (1995) . DNA from GR isolates were extracted a year later using a smaller-scale procedure (Rizzo & May 1994) . DNA was quantified with a fluorimeter and diluted to 10 ng µl −" for polymerase chain reaction (PCR) amplification.
(b) Randomly amplified polymorphic DNA (RAPD) analyses
Amplification conditions for RAPD markers were based on the Williams et al. (1990) protocol with the following changes in the PCR program. The first two cycles had a longer denaturation period : 94 mC for 5h, 36 mC for 1h, 45 mC for 15h and 72 mC for 1h 45hh. The other 43 cycles had the denaturation step reduced to 1 min.
A subsample of ten isolates was used to screen 80 RAPD primers from Operon Technologies, Inc. (OP) and University of British Columbia (UBC). Primers which gave consistent polymorphism over DNA concentrations from 5 to 40 ng µl −" , and that yielded the same results in three independent trials were selected for use : OPC11, OPD7, OPG3, OPG19, OPI17, UBC105, UBC290, UBC308, UBC319. Each polymorphic band was considered as one locus with only two possible alleles. Presence or absence of 11 polymorphic bands were scored for each isolate using these markers.
(c) Data analysis
Since A. h pox lon is haploid, allele frequencies were obtained by a direct count of isolates with presence or absence of the band at each locus. Genetic diversity between populations was estimated using Nei's G st index (Nei 1973) .
Each isolate was assigned a ' clone type ' based on its multilocus haplotype. Genotypic diversity was calculated for each population using Stoddart & Taylor's (1988) G< estimate. For this index, genotypic diversity is maximized when every isolate in the sample is a different clone, that is, G max l (sample size). G< \G max gives a standardized estimate of genotypic diversity that allows comparisons between populations. The expected genotypic diversity under the assumption of panmixia (G) was compared with G< using the t-test described in Stoddart & Taylor (1988) .
An exact test of linkage disequilibrium for each pair of loci was calculated with the program GENEPOP (Raymond & Rousset 1995) . GENEPOP calculates the probability (p) of finding the observed contingency table if allele frequencies at the two loci are independent using the Markov chain method. The variance associated with p is estimated by GENEPOP through multiple simulations. We assumed that the two loci were in linkage disequilibrium if pps.e. 0.05.
Linkage disequilibrium can result from lack of sexual recombination, physical linkage or sampling of subpopulations together (Maynard Smith et al. 1993) . To distinguish between these we tested for linkage among pairs of loci two ways : (i) including all isolates from each population, and (ii) using a ' clone-corrected ' sample, where each clone observed in the population is represented only once (Chen et al. 1994) . Since isolates were sampled within a very small area, it is unlikely that we sampled isolated subpopulations together.
Markers that are physically linked should have p 0.05 in both calculations. In contrast, when the linkage disequilibria is caused by asexual reproduction, we should see evidence of linkage among loci only when all the isolates are used because the clone-corrected sample would have removed the effect of multiple sampling the same haplotype.
When a population is reproducing asexually all alleles should be inherited together, causing an association across all loci in the haplotypes. We estimated the degree of multilocus structure using the method described in Brown et al. (1980) . is the average number of loci at which two random haplotypes in a population have different alleles at a locus. The variance in depends on the number of loci considered and the degree of association between them. Therefore, an expected variance of , (V e ), under the assumption of random segregation can be estimated. Observed variance of , (V o ), should not be significantly different from V e if the population is in panmixia. Populations were assumed to be reproducing asexually when V o fell outside the 95 % confidence limit of V e , (L).
RESULTS
Fifty-five clones were identified among the three populations. At FR we identified 25 clones among 46 isolates, at GR 27 clones among 63 isolates, and at TS 20 clones among 32 isolates. Within populations, most clones occurred only once (figure 1). G st varied between c33  c14  c23  c46  c15  c34  c35  c52  c10  c24  c28  c29  c41  c47  c1  c3  c5  c11  c12  c16  c17  c18  c22  c30  c36  c51  c53  c2  c4  c6  c7  c8  c9  c13  c19  c20  c21  c25  c26  c27  c32  c37  c38  c39  c40  c42  c43  c44  c45  c48  c49  c50  c54  c55  c56 clone type TS population GR population FR population 0.04 and 0.02, indicating a lack of genetic isolation between populations. Clones that occurred more than once were the ones expected under random mating given the observed allele frequencies and the assumption of no linkage disequilibrium (data not shown). Table 1 shows the observed and expected genotypic diversity indices for each population. G< \G max are comparable to values reported for other pathogenic fungi (Chen et al. 1994 ; McDonald et al. 1994 ). G< was not significantly different from the expected G in any population (table 1), indicating that we cannot reject the null hypothesis that these populations are panmictic. Table 2 shows the probability that each pair of loci is segregating randomly as determined by GENEPOP. Probabilities above the diagonal are from the analyses including all isolates in the populations, and the values below the diagonal are from the ' clone-corrected ' analyses. Since three loci were fixed in the GR population, only 28 pairwise comparisons were possible and none of them were significantly different from independent assortment. In the FR population, six out of 45 possible pairwise comparisons (one locus fixed) were significantly different from independent assort- Table 2 1.000 ransmission potential ersus fitness contribution P. X. Kover and others Table 3 . Estimation of multilocus structure using the method of Bro n et al. (1980) (avg is the average number of loci at which haplotypes differ in the allele present ; E(V e ) is the estimated variance of under the assumption of no linkage disequilibrium ; V o is the observed variance in ; var (V o ) is the estimated variance of V o ; and L is the 95 % confidence limit for V o .) ment when all isolates were used in the analysis. One comparison remained significant when analysed with the clone-corrected data. In the TS population, only one out of 55 possible pairwise comparisons was significantly different from independent assortment when all isolates were used in the analysis. The same comparison was significant when the clone-corrected data were used. FR was the only population to show some evidence of asexual spread of clones. However, two or three significant comparisons at p 0.05 are expected by chance when 45 comparisons are performed. Since genetic differentiation between populations was small, linkage disequilibrium was also calculated for the three populations pooled (data not shown). Five out of 55 pairwise comparisons were significantly different from independent assortment when all isolates were used but none of them remained significant when the clone-corrected data were tested. The lack of associations among loci in the clonecorrected sample when all three populations were pooled suggests that the markers are not physically linked. The significant associations observed in the clone-corrected analysis from TS and FR might be due to founder effect, drift or local selection. If mutations occur at high frequency, we could see high genotypic diversity even in asexual populations. However, without sexual recombination, new mutations should be associated with a particular haplotype, and haplotypes should differ at a single locus. In all three populations we found that the average number of loci at which haplotypes differed ( ) was higher than two (table 3), indicating that these populations are undergoing recombination. There was no evidence of multilocus association in any of the populations. The observed variance in was not significantly greater than the expected variance, since all V o were equal to or less than L (table 3).
DISCUSSION (a) Established fungal clones are derived primarily from horizontal transmission
Field observation of new infections and frequency of vertically infected seeds suggested that the predominant mode of transmission of A. h pox lon is vertical. Since vertical transmission is accomplished through asexual reproduction, fungal populations should be highly clonal with low genotypic diversity and high linkage disequilibria. However, our results indicate that the three populations do not differ significantly from panmixia and have high genotypic diversity. Thus, established genotypes are derived primarily from sexually produced, horizontally transmitted spores. Furthermore, we observed little genetic differentiation between all three populations, indicating the occurrence of gene flow and outcrossing, which are only possible in this system through horizontal transmission.
At FR there was evidence of a higher relative contribution of asexual reproduction (vertical transmission) to parasite fitness. FR had the lowest genotypic diversity and the t-test between the expected and observed genotypic diversity approached significance (p l 0.067). Also, FR was the only population where significant associations between loci were found when all clones were used, but not when the clonecorrected sample was analysed. Moreover, the estimated V o is at the limit of the 95 % confidence interval of V e (L). In this population, one clone (c33) occurred 11 times, representing 24 % of the sample (figure 1). Based on the observed allele frequencies and the assumption of panmixia, clone 33 was expected to be the most common clone, but it was expected to occur only 4.9 times. The observed excess could be explained by : (i) higher survival of seeds infected with this fungal clone than seeds infected with other clones, (ii) greater success of this clone at infecting the plant genotypes present in the population, or (iii) non-random sampling. Nevertheless, we can conclude that most genotypes in established populations of A. h pox lon are derived from horizontally transmitted sexual spores. Among close relatives of A. h pox lon there are species capable of only vertical transmission, only horizontal transmission, or a combination of both (Clay 1988) . Transmission mode and virulence seem to be correlated within their tribe (Balansieae), with vertically transmitted fungi being more mutualistic (Schardl & Clay 1997) . Alkaloids produced by these fungi can protect their hosts against herbivory, supporting the idea of an evolutionary trend towards mutualism in this group (Clay 1988 ; Maynard Smith & Szahmary 1995) . Since in A. h pox lon a particular fungus genotype is vertically transmitted through selfed seeds, the opportunity for selection towards mutualism is enhanced. Therefore, the mixed strategy of A. h pox lon could be interpreted as a transient polymorphism evolving from horizontal to vertical transmission. Our results do not support this hypothesis. In addition to the reduction in fecundity of infected plants, we found that horizontal transmission, rather than vertical, contributes more to A. h pox lon fitness. Thus, it remains to be understood why the vertical transmission capability is maintained and whether the mixed strategy is evolutionarily stable.
Coevolutionary models have focused primarily on the importance of sexual reproduction for hosts. Sexual recombination would allow hosts to escape pathogens that can quickly adapt to common host genotypes (Bell 1982 ; Hamilton et al. 1990 ). The importance of sexual reproduction for pathogens has received less attention. It is assumed that genetic variation in pathogen populations can be maintained through mutation if pathogen populations are very large and if they have shorter generation times than their hosts. However, A. h pox lon population sizes and generation times are similar to their host's. Sexual reproduction in such pathogens may significantly increase the selection pressure on the host to maintain sexual reproduction (similar to sexually reproducing crop pathogens that make selection for resistant host varieties more difficult (Groth & Roelfs 1982) ). Selection pressure by A. h pox lon might help to explain the mixed-mating system of D. spicata through a two-fold effect : (i) selection for maintenance of outcrossing (chasmogamous) flowers to avoid infection, and (ii) selection for maintenance of cleistogamous flowers as the only alternative for producing seeds once an individual is infected.
(c) Potential versus actual contribution of vertical transmission to pathogen fitness Although field observations suggested that vertical transmission was the predominant mechanism of transmission, established A. h pox lon populations are derived primarily from horizontally transmitted sexual spores. The higher contribution of horizontal transmission to fungal fitness, despite the rare observation of new infected plants in the field, may be explained by : (i) lower establishment success of cleistogamous than chasmogamous progeny in natural populations (cleistogamous seed germination was 67 % versus 95 % for chasmogamous seeds from the same maternal parents (P. X. K., unpublished data)), (ii) senescence of the vegetatively propagated fungal genotype (Esser & Tudzynski 1980 ) (14 % of the seedlings derived from CL seeds that carried the fungus were not infected (P. X. K., unpublished data)), and (iii) cumulative effects of many years with low annual rates of horizontal transmission, since the fungus-grass association is perennial.
To understand the epidemiology of mixed-strategist parasites it is important to estimate the relative contribution of vertical and horizontal transmission to parasite fitness. Our results caution against using observed rates of transmission to make conclusions about the evolutionary importance of each transmission mode. The actual contribution of the two mechanisms to parasite fitness is what is important to the evolution of virulence. Investigation of the parasite's population genetic structure to estimate longterm contribution of vertical and horizontal transmission to parasite fitness might be helpful in other host-parasite interactions where correlation between mating system and transmission mode occurs and direct observations of transmission rates are difficult. This will allow more meaningful tests of the theory regarding the importance of transmission mode to the evolution of parasite virulence.
